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Abstract

This study was undertaken to examine whether there were
sex-associated differences in the action of insulin on glucose
metabolism in adipocytes. Insulin binding and the dose-response
curves for glucose transport (assessed by measuring the cell-
associated radioactivity after 15-s incubation with 50 ;&M
16-'4Clglucose) and [U-'4Cjglucose (5 mM) metabolism into
CO2 and lipids were compared in retroperitoneal adipocytes
from age-matched (84 d) male and female rats. In addition, the
activity of fatty acid synthetase, one of the key lipogenic
enzymes, was determined. Fat cell size was not significantly
larger in females than in males (0.238 vs. 0.209 jig lipid per
cell). At insulin concentrations < 1.6 nM, adipocytes from
females bound significantly more insulin than did adipocytes
from males, due to an increased apparent affinity of the
receptors for insulin. Accordingly, the sensitivity of glucose
transport to insulin was greater in females than in males:
insulin concentration eliciting half-maximal stimulation (ED50)
= 0.19 nM vs. 0.41 nM. At maximal insulin stimulation the
rates of glucose transport (12 times the basal values) were
similar in the two sexes. In contrast, the maximal effect of
insulin on glucose conversion to CO2 plus lipids was much
greater in the adipocytes from females than males (increment
over basal: 472 vs. 249 nmol/106 cells per 2 h). Fatty acid
synthesis contributed -40% of the incremental difference
between the two types of adipocytes, while glyceride-glycerol
synthesis contributed <10%. The insulin dose-response curves
for adipocytes from females were shifted to the left for all the
metabolic pathways investigated. The mean ED50 for total
glucose metabolism in females was 50% of that in males (0.07
nM vs. 0.15 nM). Marked sex-associated differences in the
action of insulin on glucose metabolism were also observed in
subcutaneous inguinal adipocytes (increment over basal: 137
and 56 nmol/106 cells per 2 h, ED50 = 0.13 nM and 0.30 nM
in females and males, respectively). The intracellular capacity
to metabolize glucose through the fatty acid synthesis pathway,
as assessed by FAS activity, was higher in adipocytes from
females than in those from males and was greater in retroper-
itoneal than in i guinal adipocytes. Furthermore, by plotting
the individual data, a highly significant correlation (r = 0.92,
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P < 0.001) was found between the absolute effect of insulin
on glucose metabolism at maximal stimulation and the fatty
acid synthetase activity of the cells.

These results indicate that the response of glucose metab-
olism to insulin in adipocytes from female as compared with
male rats is characterized by two main features: (a) an increased
sensitivity primarily due to an increase in insulin binding, and
(b) an increased responsiveness closely associated with a
postreceptor increase in the lipogenic capacity of the cell.
These findings might be relevant to the differential disposition
of male and female rats to develop fatness.

Introduction

The regulation of glucose metabolism by insulin in adipocytes
from male rats has been the subject of numerous studies. In
contrast, glucose metabolism in adipocytes from female rats
has been poorly documented. Moreover, there is some discrep-
ancy among the few papers dealing with this issue, as female
adipocytes were reported to be either very responsive (1-3) or
poorly responsive (4-6) to insulin and to display a maximal
response either within the physiological concentration range
of the hormone (1-3) or at much higher concentrations (7).
Wehave recently shown that gonadal adipocytes from female
rats (paraovarian) are as exquisitely responsive to insulin as
gonadal adipocytes from age-matched male rats (epididymal)
(8). In addition, paraovarian fat cells exhibit a significantly
greater sensitivity to insulin than epididymal fat cells at the
levels of both glucose transport and glucose metabolism. These
findings, obtained from fat depots that were not exactly alike
in males and females, do not allow us to ascertain the presence
of sex differences in insulin's action on adipocytes. Nevertheless,
they suggest that insulin's ability to stimulate glucose metab-
olism might be enhanced in adipocytes from female as com-
pared with male rats. The presence of sex-associated differences
in the effects of insulin on adipocytes might have physiological
relevance to the differing tendencies in males and females to
gain body fat. This has been shown extensively in humans
where young adult females have - 15-30% body fat and males
have only 10-20%, with the divergence between sexes devel-
oping mostly after puberty (9). Sex differences in body fat,
although much less striking, have been reported also in rat
where, after weaning, females have been shown to deposit
more fat than males for the same increase in body weight (10).

Those observations prompted us to investigate the response
of glucose metabolism to insulin in adipocytes from female
rats and in adipocytes from male rats, compared site-to-site.
Wewere careful to examine several adipose tissue locations,
since it has been clearly established that there are large regional
differences in glucose metabolism and its response to insulin
in male rats ( 11). As age has also been shown to play a major
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role in the magnitude of the response to insulin in epididymal
adipocytes (12-14), this comparison was carried out in male
and female rats carefully matched for age. The data to be
presented support the view that adipocytes from females are
both more responsive and more sensitive to insulin than
adipocytes from male rats, regardless of the anatomical location
of the adipose tissue. Furthermore, they indicate that sex-
related alterations in insulin's ability to stimulate glucose
metabolism in adipocytes are a consequence of changes localized
to the levels of both insulin binding and postreceptor lipogenic
capacity.

Methods

Animals. Age-matched male and female Wistar rats were obtained
from Centre d'Elevage Robert Janvier (Le Genest, France) at the age
of 45±2 d. They were housed at 22-230C on a fixed 12-h light (7:00
a.m. to 7:00 p.m.)/ 12-h dark cycle and fed stock diet (Usine d'Alimen-
tation Rationnelle, Epinay, France) containing, by weight, 23% casein,
37% dextrose, 26% starch, 2% vitamin mixture, 6% fat, and 6%
cellulose. Rats were used at 84±2 d.

Preparation of isolated adipocytes. In each experiment, 2-3 female
rats and 1-2 male rats closely matched in age were used. They were
killed between 9 a.m. and 10 a.m. by cervical dislocation. The two
retroperitoneal fat pads, and in some experiments, the two subcutaneous
fat pads in the inguinal region, were removed and weighed. The tissues
from animals of the same group were pooled before being minced
with scissors. Isolated adipocytes then were prepared by digesting the
tissue in Krebs-Ringer-bicarbonate buffer, pH 7.4, containing 3%
bovine serum albumin (Sigma Chemical Co., St. Louis, MO), 5 mM
glucose, half the recommended Ca2+ concentration, and 1 mg/ml of
collagenase (Boehringer Mannheim Diagnostics, Inc., Houston, TX),
as described by Rodbell (15). After 1 h at 370C, the cells were filtered
through a 190--gm nylon screen, washed 3 times in the appropriate
collagenase-free buffer by allowing the cells to float, and then resuspended
in the same buffer. Mean fat cell diameter was measured using a
photomicrographic method as previously described (16).

Glucose metabolism studies. The major pathways of glucose me-
tabolism in adipocytes (i.e., incorporation into CO2, glyceride-fatty
acids, and glyceride-glycerol) were studied as previously described (17).
In brief, duplicate or triplicate aliquots (0.5 ml) of adipocytes (between
3 X l0s to 6 X lO cells) suspended in Krebs-Ringer-bicarbonate buffer,
pH 7.4, containing 3% serum albumin and 5 mMglucose were
incubated at 370C in plastic vials containing 2 ml of the same buffer,
[LJ-'4C]glucose (300 mCilmmol, Centre d'Etudes Nucleaires Saclay,
91191 Gifsur Yvette, France) and insulin concentrations ranging from
0 to 2.5 nM. After 2 h, the incubation was ended by adding 0.5 ml 6
N H2SO4 to the flasks, and '4CO2 was collected in 0.3 ml of hyamine
added to a center well. The contents of the incubation flasks then were
extracted with a heptane-isopropanol mixture (18) and an aliquot was
used to measure '4C incorporation into total lipids. The remainder of
the lipids was saponified and used to measure '4C incorporation into
fatty acids (organic phase) and glycerol (aqueous phase). Total glucose
utilization was estimated by summing the incorporation of '4C-glucose
into CO2 and lipids. Note that this may be an underestimate of total
glucose utilization, since lactate has been shown by us and others (I 1,
13, 19, 20) to represent a non-negligible glucose metabolite in adipose
tissue from male rats. We have found that this also applies to
adipocytes from female rats (Burnol, A. F., M. Guerre-Millo, M.
Lavau, and J. Girard, unpublished observations).

Insulin binding studies. 0.6-ml samples of the fat cell suspensions
in Krebs-Ringer-phosphate buffer, pH 7.4, containing 2%serum albumin
and 5 mMglucose, were incubated for 1 h at 370C or 16'C with
[A 14'25ljmonoiodoinsulin (300 mCi/mg, CEASaclay, France), with or
without the addition of unlabeled insulin at final concentrations
ranging from 0.03 to 19 nM, in a final volume of 0.8 ml. The
incubations were ended by the oil centrifugation procedure described

by Gammeltoft & Gliemann (21). Data are reported as specific binding,
which was obtained by substracting from total binding the amount of
radioactivity that remained bound to the cells in the presence of a
large excess of unlabeled insulin (15 MM). Nonspecific binding averaged
between 5 and 10% of the total binding. The radioactivity was
measured in a GammaSpectrometer (Gamma4000, Beckman Instru-
ments, Inc., Fullerton, CA).

Glucose transport studies. Glucose transport was assessed by mea-
suring the cell-associated radioactivity after rapid incubation of adi-
pocytes in the presence of 50 AM [6-'4C]glucose, using a method
similar to that recently described by Gliemann et al. (22). Duplicate
or triplicate aliquots (0.475 ml) of the fat cell suspensions in Krebs-
Ringer-phosphate buffer, pH 7.4, containing 2% serum albumin and 2
mMpyruvate, were preincubated 45 min at 370C, in the absence or

presence of insulin at concentration ranging from 0.03 to 2.5 nM. The
assays were performed at 370C with magnetic stirring and were
initiated by adding 50 MM[6-'4Cjglucose (45 mCi/mmol; CEA, Saclay,
France). 15 s later, the assay was ended by subjecting 300-Ml aliquots
of the incubation mixture to the oil centrifugation procedure described
by Gammeltoft and Gliemann (21). The radioactivity in the cell layer
was corrected for ['4Cglucose trapped in the extracellular water by
using [3H]inulin (3 Ci/mmol; Amersham Corp., Arlington Heights,
IL). [6'4C]glucose was chosen over [U-_4C]glucose or [l-14C]glucose to
avoid losing labeled CO2through the pentose phosphate cycle. Pyruvate
was added' to the medium to dilute the labeled metabolites into a large
pool and minimize their loss. In preliminary experiments (Lavau, M.,
and M. Guerre-Millo, unpublished observations) we have shown that
there was no measurable 14C02 production over a 30-s incubation
period and that, within the ranges of time (15 s) and glucose concen-

tration (50 WM) used here, the cell-associated radioactivity was linear
with both time and glucose concentration. Compared with 2-deoxyglu-
cose and 3-0-methyl glucose (the two glucose analogs generally used
in glucose transport studies), [6-14C]glucose gives similar, or perhaps
even higher, responses to insulin (unpublished observations).

Determination offatty acid synthetase activity. Fat cells suspended
in ice-cold 0.25 Msucrose containing 3 mMdithiothreitol and I mM
EDTAat pH 6.8, were sonicated 15 s and then centrifuged at 100,000
g at 0C for 60 min. Fatty acid synthetase activity was measured
spectrophotometrically in the supernatants by following the oxidation
of NADPHin the presence of acetyl-coenzyme A (CoA) and malonyl-
CoA according to the method of Martin et al. (23). The assays were
run at 370C in duplicate, using a Perkin-Elmer model 555 Spectro-
photometer (Uberlingen, Germany). Conditions were selected to ensure
linear rates with respect to time (up to 8-10 min) and sample
concentration.

Liquid scintillation counting. 14C and 3H isotopes were counted in
a liquid scintillation spectrometer with stored quench calibration
curves and automatic disintegrations per minute (dpm) calculation
(LS 6800; Beckman Instruments, Inc.). Liquid scintillators were Ready-
Solv MP(multipurpose) or Ready-Solv NA (nonaqueous) (Beckman
Instruments, Inc.).

Statistical analysis. Results are expressed as the mean±SEM. All
P values were obtained using the unpaired t test, unless otherwise
stated.

Results
Rat body weight was measured from 45 d of age until the
experiment time. The growth patterns were very different
between the two sexes (not shown). Male rats steadily gained
weight, whereas the growth rate of female rats slowed after 65
d of age. These observations point out the lack of precision of
weight in characterizing adult female rats. As shown in Table
I, the male rats used were 80 g heavier than the female rats at
3 mo of age.

1. Abbreviations used in this paper: CoA, coenzyme A; ED50, insulin
concentration eliciting half-maximal stimulation.
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Table L Retroperitoneal and Inguinal Adipose Tissue Weights
and Fat Cell Sizes in Male and Female Rats*

Adipose tissue site

Retroperitoneal Inguinal

Total adipose Male 1.19±0.07 (27)f 2.28±0.17 (10)t
tissue weight Female 0.85±0.04 (43) 1.69±0.07 (15)
(g)

Fat cell size Male 209± 18 (17) 94±9 (5)
(ng lipid/cell) Female 238±25 (17) 96±6 (5)

Adipose tissue Male 0.45±0.03 (27) 0.84±0.05 (10)
weight (%) Female 0.44±0.02 (43) 0.92±0.04 (15)
Body weight

* Age-matched (84±2 d) male and female rats weighing 267±3 g
(n = 27) and 191±2 g (n = 43), respectively. Values are the
means±SEM for the number of determinations given in parentheses.
* P < 0.01 vs. female rats.

Adipose tissue weights and fat cell size are shown in Table
I. Along with their larger body weight, male rats had larger
adipose tissue depots than females, so that the ratios of tissue
weight to body weight were nearly identical in the two groups.
In contrast to fat pad weights, fat cell sizes were not statistically
different in females and males at this age. This implies that
there were fewer fat cells in females than in males in both the
inguinal and retroperitoneal sites. Table I further shows that
3-mo-old female rats presented regional differences in fat cell
size that were strikingly similar to those observed in age-
matched male rats, with retroperitoneal fat cells -2.8-fold
larger than subcutaneous inguinal fat cells (P < 0.01).

The insulin dose response curves for D[U-`4C]glucose
metabolism in retroperitoneal adipocytes from female and
male rats are illustrated in Fig. 1. In the basal state (0 insulin),
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sex did not significantly influence either the rate or pattern of
glucose metabolism. The glucose conversion to CO2 was
equivalent to its conversion to lipids and the incorporation of
'4C into the glyceride-glycerol moiety was threefold greater
than that into the fatty acid moiety in both groups of rats. In
contrast, the effect of insulin on glucose metabolism differed
sharply in the adipocytes of male and female rats. The adipo-
cytes of female rats exhibited a much greater response to
insulin than those of male rats at both submaximal and
maximal insulin concentrations. In terms of percent increase
over basal, the effect of insulin on glucose oxidation or total
lipid labeling averaged 30% in females vs. 10% in males at the
lowest insulin concentration tested (0.03 nM) and 190% vs.
110% at maximal stimulation. In adipocytes from female as
well as male rats, the insulin effect varied greatly according to
the metabolic pathway studied, the effect on the incorporation
of `4C into fatty acids being several-fold greater than the effect
on the incorporation of `4C into glyceride glycerol in both
sexes.

Substantial differences in absolute effects (increment above
basal values) existed between the two sexes at all the insulin
concentrations tested (Fig. 2). In the low concentration range
of insulin (<0.18 nM), the adipocytes from female rats re-
sponded by an increment in total glucose metabolism neatly
fourfold higher than that of male adipocytes; the increment in
females was still twice that in males at maximal insulin
stimulation. Fatty acid synthesis contributed -40% of the
incremental differences between the two types of adipocytes,
while glycerol synthesis contributed <10%.

Scrutiny of the dose response curves illustrated in Fig. 1
strongly suggested that the curves obtained with adipocytes
from female rats were left-shifted compared with those obtained
with adipocytes from male rats. This was better shown by
plotting the data as percentages of the maximal effect observed
at 2.5 nM insulin as shown in Fig. 3 for total glucose
metabolism. The curves for adipocytes from female rats were
shifted to the left for all the metabolic pathways investigated,
indicating a higher sensitivity to insulin as compared with
adipocytes from male rats (data not shown). The degree of
left-shift was assessed by the difference in the dose of insulin
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Figure 1. Insulin dose-response curves of glucose metabolism in
retroperitoneal adipocytes from age-matched male (v) and female (A)
rats. Results are the mean±SEMof mean values obtained from
duplicate or triplicate samples in five individual experiments. In each
experiment, the retroperitoneal adipose tissues from two male and
three female rats were pooled. Fat cells were incubated in 2.5 ml
Krebs-Ringer-bicarbonate buffer containing 3% albumin, pH = 7.4,
at 370C for 2 h. D-[U-'4C]glucose was present at a final concentra-
tion of 5 mM. *P < 0.05; **P < 0.01; ***P < 0.001 vs. male rats.
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Figure 2. Absolute insulin effect (increment over basal) on glucose
conversion to CO2 + lipids in retroperitoneal (A) and inguinal (B)
adipocytes from age-matched male (a) and female (o) rats. Data are

from the experiments described in Fig. 1 and Fig. 4. *P < 0.05; **P
< 0.01 vs. male rats.

Effects of Sex on Adipocyte Glucose Metabolism 111

--r

u

rq

c



B t-o

0 0.1 0.2 03 0.4 250 0.1 0.2 03 0.4 2.5
Insulin concentration (nM)

Figure 3. Insulin effect expressed as percent of the maximum re-
sponse on glucose cohversion to CO2 + lipids in retroperitoneal (A)
and inguinal (B) adipocytes from age-matched male (solid symbols)
and female (open symbols) rats. Data are from the experiments
described in Fig. I and Fig. 4. *P < 0.05; **P < 0.01 vs. male rats.

eliciting half maximal stimulation (ED50) between the two
groups. The mean ED50 of insulin for total glucose metabolism,
calculated from the individual dose response curves, was 50%
lower in females than in males (0.07±0.013 nMvs. 0.15±0.012
nM; P < 0.01). In addition, the maximal stimulation of all
the pathways of glucose metabolism in retroperitoneal adipo-
cytes from female rats was achieved at 0.18 nM insulin, a
value well within the physiological concentration range of the
hormone.

To determine whether the greater sensitivity and respon-
siveness of glucose metabolism to insulin observed in retro-
peritoneal adipocytes from female rats is a general feature of
the entire adipose tissue mass, we investigated whether sex
differences could be detected at another adipose tissue site.
Subcutaneous inguinal adipocytes were chosen since Fried et
al. (1 1) had shown large differences in the responsiveness and
sensitivity to insulin between retroperitoneal and subcutaneous
dorsal adipocytes in male rats. These results are illustrated in
Fig. 2 and Fig. 4. Under basal conditions, adipocytes from
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female rats showed the same rates and the same pattern of
[U-'4C]glucose metabolism as adipocytes from male rats. Upon
addition of insulin, adipocytes from male and female rats
again differed sharply. In terms of both the increases over
basal and absolute increments, the effects of subphysiological
insulin concentrations (<0.18 nM) on the inguinal adipocytes
from male rats were barely detectable. In contrast, insulin had
a clear effect on adipocytes from females, increasing glucose
conversion to CO2 plus lipids by 25% at 0.06 nM with an
absolute effect fivefold higher than in the adipocytes from
male rats. At maximal stimulation, the increase over basal in
total glucose metabolism amounted to 105% in females vs.
46% in males, with an absolute effect nearly threefold higher
in females than in males. The insulin dose response curve for
total glucose metabolism, expressed as a percent of the maximal
effect, was again significantly left-shifted in females as compared
with males, as illustrated in Fig. 3 B with a mean ED50 of
0.13±0.017 nM in females vs. 0.30±0.071 nM in males (P
< 0.05). Thus, sex differences in the effect of insulin on
adipocyte glucose metabolism are not only present at the level
of the inguinal fat depot, but are even more marked than
those observed at the level of the retroperitoneal fat depot.

To document the mechanisms behind the increased sensi-
tivity and responsiveness to insulin exhibited by adipocytes of
female as compared with male rats, we examined whether
there were sex-associated changes at the insulin receptor level.
This question was investigated in retroperitoneal adipocytes.
As shown in Fig. 5, specific insulin binding was twofold higher
in adipocytes from female rats than from male rats at tracer
insulin concentration (0.034 nM). The relative difference be-
tween the two groups narrowed with increasing insulin con-
centration. Above 1.6 nM, adipocytes from females did not
bind significantly more insulin than adipocytes from male rats.
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Figure 4. Insulin dose-response curves of glucose metabolism in

inguinal adipocytes from age-matched male (- * ) and female
- o - -) rats. Results are the mean±SEMof mean values obtained

from duplicate or triplicate samples in five individual experiments. In

each experiment, the inguinal adipose tissues from two male and
three female rats were pooled. The inguinal adipose tissues were
removed from the rats used in the experiments described in Fig. 1.
Fat cells were incubated as described in the legend of Fig. 1.
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Figure 5. Insulin binding to retroperitoneal adipocytes from age-

matched male (- A -) and female (-- - -) rats. Results are the
mean±SEMof mean values obtained from duplicate samples in four
individual experiments. In each experiment the retroperitoneal adi-
pose tissues from one male and two female rats were pooled. Cells
were incubated in 0.8 ml Krebs-Ringer-phosphate buffer containing
2% albumin, 5 mMglucose, pH 7.4, at 370C with [A14'251] insulin
and increasing amounts of unlabeled insulin, for 45 min. Data were

corrected for nonspecific binding. Note the expanded scales in the
inserted figure. *P < 0.05 vs. male rats.
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These data were obtained at 370C, the temperature at which
part of the cell-associated radioactivity may represent inter-
nalized insulin. Therefore, an additional series of four experi-
ments was performed at 16'C, the temperature at which
internalization of insulin is partially inhibited (24, 25). The
data obtained at 16C (not shown) confirmed our observations
at 370C, indicating that the difference in the cell-associated
insulin between the two sexes reflected primarily a difference
in the insulin binding to the cell surface. The data from the
binding studies at 370C have been plotted according to Scat-
chard's analysis (26). It has been pointed out that the Scatchard
analysis only approximates the number and affinity of insulin
binding sites (27, 28). It was used here solely for comparative
purposes. Over the range of insulin concentrations tested, only
the second component of the curvilinear plot was substantiated
and used for calculations. A significant increase in the apparent
affinity of the insulin receptors was found in the adipocytes
from females as compared with males (apparent dissociation
constant: 2.6±0.23 nM in females vs. 4.3±0.48 nM in males,
P < 0.05). No significant difference could be seen between the
two sexes in the apparent number of insulin receptors (83,000
per cell in females vs. 76,000 per cell in males). Fig. 5 and
Fig. 1 clearly show that the maximal insulin effect on glucose
metabolism was elicited by a receptor occupancy of <10% in
adipocytes from both sexes.

These sex-associated changes in insulin binding agree with
the finding that glucose metabolism is more sensitive to insulin
in adipocytes from female rats than from male rats. However,
they do not account for the differences seen in the responsive-
ness of glucose metabolism to supramaximal concentrations
of insulin. Therefore, postreceptor differences between the two
sexes must be postulated. We investigated the possibility that
changes could be located at the level of glucose transport. The
rate of glucose transport was assessed in retroperitoneal adi-
pocytes by measuring the cell-associated radioactivity after
incubation with 50 ,M [6'4C]glucose during 15 s. The data in
Fig. 6 A show that basal and maximal insulin-stimulated
glucose transport rates were identical in adipocytes from the
two sexes with insulin stimulating the rates about 12-fold in
both. Consistent with the increased insulin binding found in
the adipocytes from female rats at low insulin concentrations,
a greater insulin sensitivity of glucose transport was clearly
demonstrated in females by expressing the dose-response
curve data as percentages of the maximal insulin stimulation
(Fig. 6 B). The mean ED50 of insulin for glucose transport,
calculated from the individual dose response curves, was 50%
lower in female than in male rats (0.19±0.008 nM vs.
0.41±0.088 nM; P < 0.05). The mean ED50 of insulin for
glucose transport was higher than the ED50 of insulin for
glucose metabolism in both sexes.

The finding of the same glucose transport rates in adipocytes
from male and female rats at maximal insulin stimulation
strongly suggested that the demonstrated differences in insulin
responsiveness of glucose metabolism between sexes were
attributable to changes located beyond the glucose transport
step. Since fatty acid synthesis represented a large proportion
of the incremental difference in glucose metabolism between
the adipocytes from female and male rats, we postulated that
an increase in the activity of fatty acid synthetase, which has
been shown to be a rate-limiting enzyme for overall lipogenesis
under certain metabolic conditions (29), might explain the
enhancement of the effect of insulin in female adipocytes.
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Figure 6. (A) Insulin dose-response curves of glucose transport in
retroperitoneal adipocytes from age-matched male (- v-) and fe-
male (- - - -) rats. (B) Data expressed as percent of the maximum
response to insulin. Results are the means±SEMof mean values
obtained from duplicate or triplicate samples in four individual ex-
periments. In each experiment, the retropertoneal adipose tissues
from one male and two female rats were pooled. Cells were incu-
bated in 0.53 ml Krebs-Ringer-phosphate buffer containing 2% albu-
min, 2 mMpyruvate, pH 7.4, at 370C with 50 AsM D-[6-'4C]glucose
for 15 s. The radioactivity in the cell pellets was corrected for
extracellular water space by using [3Hlinulin. *P < 0.05; **P < 0.01
vs. male rats.

Therefore, fatty acid synthetase activity was measured in
homogenates of adipocytes from the same cell suspensions as
those used in the metabolic studies. We found that the
adipocytes from female rats showed a higher enzyme activity
than those from males in both the retroperitoneal and inguinal
adipose tissue sites (Table II). In addition, this enzyme activity
was lower in subcutaneous than in retroperitoneal adipocytes

Table II. Fatty Acid Synthetase Activity in Retroperitoneal and
Inguinal Adipocytes from Age-matched Male and Female Rats*

Site Retroperitoneal Inguinal

Male rats 19±4.4 10±1.9§
Female rats 42±9.2t 18±2.3*§

The enzyme activity was measured in the cells used for the experi-
ments described in Fig. I and Fig. 4. Data are the means±SEMof
mean values obtained from duplicate samples in five experiments for
each adipose tissue.
* Results given in nanomols NADPH/106 cells X min.
* P < 0.05 (compared with the values of male rats).
§ P < 0.05 by paired t test (compared with the retroperitoneal
values).
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in both sexes. When the relationship between the effect of
insulin on total glucose metabolism and the activity of fatty
acid synthetase was further examined by plotting the individual
values of enzyme activity against the absolute effect of the
hormone (increment over basal) at maximal stimulation (Fig.
7), a strong correlation was seen (r = 0.92, P < 0.001).

Discussion

In agreement with previous findings in male rats (11), this
study shows that anatomic site is a major factor in the response
of glucose metabolism to insulin in fat cells. The subcutaneous
inguinal adipocytes, like the subcutaneous dorsal adipocytes
(1 1), were shown to be much less responsive and less sensitive
to insulin than the retroperitoneal adipocytes. We provide
evidence that the adipocytes from female rats exhibit large and
similar metabolic differences between these two regions.

This study, addressed to comparing the response of adi-
pocytes from female and male rats to insulin, confirms our
previous observations of gonadal adipose tissue (paraovarian
versus epididymal), that adipocytes from female rats are more
sensitive to insulin than adipocytes from male rats with respect
to glucose metabolism (8). The present data, based on com-
parisons of fat cells of similar size from the same fat depots in
male and female rats closely matched for age, establish un-
equivocally the presence of sex differences in the response of
adipocytes to insulin. The major findings are that glucose
metabolism is more sensitive and more responsive to insulin
in adipocytes from female than from male rats in both the
retroperitoneal and the inguinal fat depots.

To gain insight into the mechanism of the observed sex-
related differences in the action of insulin on adipocyte glucose
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Figure 7. Relationship between fatty acid synthetase (FAS) activity
and absolute insulin effect (increment over basal) on glucose conver-
sion to CO2 + lipids in retroperitoneal (A, A) and inguinal (i, 0)
adipocytes from age-matched male (black symbols) and female (open
symbols) rats. FAS activity was measured in the cells used for the
experiments described in Fig. 1 and Fig. 4. r = 0.92; P < 0.001.

metabolism, we further documented the effect of sex at the
levels of insulin binding and glucose transport. The study,
carried out in retroperitoneal fat cells, showed that insulin
binding is increased in the adipocytes from female as compared
with male rats but only at submaximal insulin concentrations,
as the result of a greater apparent affinity of the receptors for
insulin. The functional consequences of this change in insulin
binding were examined at the level of glucose transport, a
response proximal to hormone binding. As expected, adipocytes
from female rats exhibited a greater sensitivity to insulin than
did adipocytes from male rats, as manifested by a left-shift in
the dose-response curve and an increased response at submax-
imal insulin concentration in the presence of a similar response
at maximal insulin concentrations. The finding of the same
insulin-induced increase in glucose transport rates in females
and males implies, according to the concept developed by
Cushman and Wardzala (30) and Suzuki and Kono (31), that
the number of glucose transport systems translocated from the
intracellular pool to the plasma membrane is identical in the
two groups. This further suggests that sex might not affect the
size of the intracellular pool of glucose transporters since it
has been shown recently that the magnitude of the translocation
in response to insulin is modulated by the size of this pool
(32, 33).

These results indicate that the enhancement of the rates of
glucose metabolism at high concentrations of insulin and
glucose reflects a change located beyond the glucose transport
step. This was also inferred from the well documented obser-
vation (34) that at physiological glucose concentration (5 mM),
as used here, transport cannot be considered rate-limiting for
metabolism in cells maximally stimulated by insulin. A very
close association between the responsiveness of glucose metab-
olism to insulin and de novo fatty acid synthesis activity has
been observed previously in adipocytes under various conditions
such as feeding a high-fat diet (13, 17, 35), aging (13, 36), and
variations in the anatomic adipose tissue sites (1 1). The use of
specific inhibitors of fatty acid synthetase, which decreased the
ability of fat cells to increase overall glucose utilization in the
presence of insulin, has underlined the importance of this
enzyme in the modulation of insulin action (37). The present
finding that fatty acid synthetase activity is significantly higher
in adipocytes from females than in adipocytes from males in
both the inguinal and the retroperitoneal depots supports this
hypothesis. Moreover, a highly significant correlation is seen
between the effect of insulin on glucose utilization and the
activity of fatty acid synthetase, pointing to fatty acid synthetase
as one of the postreceptor factors involved in regulating insulin
action in adipocytes. Since changes in fatty acid synthetase
activity are usually coordinated with changes in the activity of
acetyl-CoA carboxylase (11, 38), it is likely that a relationship
would have been found as well between acetyl-CoA carboxylase
activity and the insulin effect on glucose metabolism.

The factors responsible for those findings are a matter of
speculation at present. It seems reasonable to postulate that
sex hormones, which have been shown to influence adiposity
(39), are involved. Recent studies by Flint et al. (40) strongly
suggest that progesterone may be implicated in the increased
insulin binding capacity of rat adipocytes during pregnancy.
Our current studies on insulin action in adipocytes of sexually
immature male and female rats should help clarify this point.
The evolution with age of these sex-related differences also
deserves further investigation.
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Our data in the rat might be highly relevant to humans as
suggested by two recent papers concerned with sex-associated
differences in the effects of insulin on human adipocytes (41,
42). In these studies in humans, only adipocytes from the
subcutaneous depots could be examined. Pedersen et al. (41),
reporting on gluteal adipocytes from male and female subjects
-25 yr old, with normal body weight, showed that adipocytes
from females were larger and bound more insulin per cell at
tracer insulin concentrations, than adipocytes from males.
Basal and insulin-stimulated 3-0-methyl-glucose transport and
glucose metabolism per cell were also higher in females than
in males. When these results were normalized to cell surface
area, the rates of glucose transport were similar in the two
sexes, whereas glucose conversion to both CO2 and lipids
remained significantly higher in the adipocytes from females.
The data obtained by Pedersen et al. (41) clearly showed that
the absolute effect of insulin (increment over basal) was much
higher in females than in males for glucose conversion to both
CO2 (threefold higher) and lipids (twofold higher) over the
entire range of insulin concentrations. These results fully agree
with our observations in rats. However, in contrast to our
finding in rats, the sensitivity to insulin was not increased in
adipocytes from female human subjects despite the observed
higher insulin binding.

Foley et al. (42), reporting on glucose transport in abdominal
adipocytes from male and female subjects -27 yr old with
various degrees of obesity, also showed that the adipocytes
from females were larger than those from males. In addition,
and in perfect agreement with the observations of Pedersen et
al. (41), basal and maximal insulin-stimulated glucose transport
per cell were higher in the adipocytes from females than males,
but were similar in the two sexes when expressed per surface
area. Interestingly, Foley et al. (42) observed a greater sensitivity
of glucose transport to insulin in adipocytes from women than
from men.

The findings of an increase in the sensitivity and the
responsiveness of glucose metabolism to insulin in adipocytes
from female rats could have important implications for the
intact organism, since these sex-related differences occur at
low, physiologically relevant concentrations of insulin. Thus,
a double mechanism would enable the adipose tissue in the
two sexes to be differentially responsive to circulating insulin
concentrations. However, the functional role of these obser-
vations has yet to be evaluated. If the elevated rates of
lipogenesis in adipocytes from females were also to occur in
vivo, they could ultimately lead to larger fat cell size. This
remains to be documented in older rats since we did not
observe any difference in fat cell size between the two sexes in
the 3-mo-old rats used here. In relevance to our data, it has
been observed that female rats are more susceptible than male
rats to the fattening effect of western type diets, such as high-
fat and supermarket diets (10, 43, 44). Further studies are
needed to determine whether the sex-associated differences in
the lipogenic effect of insulin on adipocytes described here are
involved in the differential disposition of the two sexes to gain
body fat.
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